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An increasing concern affecting a growing aging population is working memory (WM) decline. Consequently, there is great interest in improving or stabilizing WM, which drives expanded use of brain training exercises. Such regimens generally result in temporary WM
benefits to the trained tasks but minimal transfer of benefit to untrained tasks. Pairing training with neurostimulation may stabilize or improve WM performance by enhancing plasticity
and strengthening WM-related cortical networks. We tested this possibility in healthy older
adults. Participants received 10 sessions of sham (control) or active (anodal, 1.5 mA) tDCS
to the right prefrontal, parietal, or prefrontal/parietal (alternating) cortices. After ten minutes
of sham or active tDCS, participants performed verbal and visual WM training tasks. On
the first, tenth, and follow-up sessions, participants performed transfer WM tasks including
the spatial 2-back, Stroop, and digit span tasks. The results demonstrated that all groups
benefited from WM training, as expected. However, at follow-up 1-month after training
ended, only the participants in the active tDCS groups maintained significant improvement.
Importantly, this pattern was observed for both trained and transfer tasks. These results
demonstrate that tDCS-linked WM training can provide long-term benefits in maintaining
cognitive training benefits and extending them to untrained tasks.

Data Availability Statement: Processed data are
available for download (http://wolfweb.unr.edu/~
mberryhill/Site/Datasets.html). Raw data are available
within the paper and Supporting Information files.
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Working memory (WM) serves as the mental workspace permitting the maintenance and manipulation of information over short delays. Unfortunately, aging impairs WM—a worrisome
and frustrating development beginning in our mid-20s [1]. This decline is likely caused by agerelated cortical volume loss, particularly in frontoparietal regions engaged in WM [2, 3]. Furthermore, with age, these regions change their functional activation patterns during working
memory tasks, showing greater bilateral recruitment at lower task demands (reviewed in [4–
6]). This may reflect recruitment of additional frontal resources to maintain performance [7].

PLOS ONE | DOI:10.1371/journal.pone.0121904 April 7, 2015

1 / 18

Longitudinal Neurostimulation in Older Adults Improves Working Memory

Competing Interests: The City University of New
York has patents on electrical stimulation with MB as
inventor. MB has equity in Soterix Medical Inc.

Age-related decline in WM affects everyone as we age, and WM function underlies complex
cognition [1, 8–10]. Therefore, there is great incentive to develop interventions that stabilize
and restore WM performance. Some lifestyle modifications show correlational benefits. For example, cognition improves after increasing physical exercise [11–15] or socialization [16], or
adopting a Mediterranean diet [17]. Empirical findings show that WM can benefit from cognitive training (reviewed in [18–21]). It is noteworthy, however, that the ultimate goal of WM
training is to produce generalizable improvements rather than to produce prodigies at specific
WM tasks [22]. Ideally, this transfer represents improved cognitive functioning during WM
task performance. In older adults, WM training studies show improved performance on the
trained tasks [13, 15, 23–37]. Several report significant transfer to untrained tasks [24, 26, 29],
whereas others fail to observe significant transfer [38, 39].
One way to target frontoparietal networks engaged in WM is through neurostimulation,
such as transcranial direct current stimulation (tDCS). TDCS has practical translational potential because it is safe [40], well-tolerated [41], and relatively affordable compared to other techniques such as transcranial magnetic stimulation (TMS). TDCS involves applying small
amounts (1–2 mA) of electric current to scalp electrodes to modulate the excitability of underlying neural populations [42–46]. Importantly, tDCS is used in patient populations and has
shown benefits in treating depression [47, 48], reducing episodic memory deficits in Alzheimer’s [49] and Parkinson’s diseases [50], ameliorating aphasia [51–53], and improving poststroke motor function [54–56]. Apart from special populations, healthy older adults show
tDCS-linked benefits including improved motor function [57, 58], proper name recall [59],
and decision-making [60]. Of greatest relevance here, tDCS reliably improves WM in healthy
adults [61–73], as well as those with Parkinson’s [50], Alzheimer’s disease [74–76], and stroke
[77]. Finally, emerging data show persistent benefits for a month or even a year in various cognitive tasks [78].
To date, tDCS has only rarely been paired with WM training in healthy older adults [79].
This large and growing population will certainly increase the demand for interventions, which
can improve WM. Given the research showing that transfer effects are modest or non-existent
following behavioral WM training, neuromodulatory techniques may provide the added neural
‘boost’ to enhance and prolong transfer effects. The current study tested whether longitudinal
right frontoparietal tDCS-linked WM training would improve WM and show significant transfer to untrained tasks. We predicted that active frontoparietal tDCS would improve WM performance on trained and transfer tasks in participants who received active tDCS rather than
sham stimulation. The pattern of enhanced frontal activations in the healthy aging suggested
that prefrontal stimulation might provide optimal benefits compared to parietal stimulation.

Materials and Methods
To investigate the longitudinal effects of tDCS-linked WM training in a healthy aging population,
we tested participants in a tDCS-linked WM training paradigm in which they completed 10
training sessions consisting of 10 minutes of sham (control) or active anodal tDCS. Participants
returned for follow-up testing 1-month after training ended. The WM training tasks included
verbal and visuospatial tasks and the Operation Span (OSpan) task [80]. To assess transfer, participants completed a set of transfer tasks during the first, tenth, and follow-up sessions.

Participants
72 neurotypical right-handed older adults (mean (M) age 64.38, standard deviation (SD) 5.08,
49 females (age range 55–73) participated. All participants scored a 25 or higher on the MiniMental Status Examination (MMSE). We screened all participants and excluded people with
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pacemakers, a history of neurological or psychiatric disease, or those on medications modulating brain excitability (e.g. neuroleptic, hypnotic, antidepressant). We randomly assigned participants to one of 4 groups (control (sham), PFC, PPC, PFC/PPC alternating) so that each group
had 18 participants. Groups showed no significant differences as a function of age (p = .98; control 64.33 (5.24), PFC 63.94 (4.30), PPC 64.72 (5.72), PFC/PPC 65.50 (5.34), education (p = .96;
control 16.72 (2.29), PFC 16.50 (2.79), PPC 16.94 (3.57), PFC/PPC 16.94 (2.84), or MMSE score
(p = .68; control 28.61 (1.50), PFC 28.22 (1.56), PPC 28.33 (1.50), PFC/PPC 28.77 (1.52). Participants signed informed consent documents, the University of Nevada Institutional Review
Board approved all procedures, and they received $15/hour.

Behavioral Measures and Training Sequence
Participants completed 10 consecutive weekday sessions (2 weeks: Monday-Friday) and a followup session 1-month after the 10th session. During the first session, prior to stimulation, participants completed the MMSE [81], forward and backward digit span [82], color-word Stroop task
[83], and spatial 2-back task [84]. The digit span, Stroop and 2-back tasks were considered untrained transfer tasks because they were only completed on the 1st, 10th and follow-up sessions.
During sessions 1–10, participants received tDCS (parameters below) during which they practiced the visuospatial WM task. After stimulation, the participants completed the visuospatial
WM tasks and the Automated Operation Span [80]. The 1st, 10th and follow-up sessions, lasted
75–90 minutes; sessions 2–9 lasted ~60 minutes. Participants sat 57 cm from the stimulus monitor during computerized tasks.
We picked a series of difficult WM tasks for training. These tasks were selected because they
tap in to core WM capabilities. Improving performance on core WM tasks should theoretically
strengthen cognitive skills and lead to near and far transfer of performance gains. Due to the
between subject nature of the task, we purposefully chose not to use adaptive tasks in nature as
done in many cognitive training studies [24, 85]. Due to the between subject comparisons in
performance gains, we made efforts to ensure that all tasks were equally difficult. Furthermore,
no participants neared ceiling on any trained tasks indicating that participants were sufficiently
challenged by each training task.

Transfer tasks
Digit Span (near transfer). This task measures short-term and WM capacity. Participants
repeated a string of spoken numbers aloud as heard (forward) or in reverse order (backward).
The number of digits increments by one digit until the participant failed two trials of the same
length.
Stroop Task (far transfer). This task measures selective attention. Color names are
printed in congruent or incongruent ink colors, and participants press a button [1–7] that corresponds with the color of the ink, rather than the printed word. Participants initially completed practice trials to familiarize themselves with the correct response button. We instructed
participants to answer as quickly and accurately as possible. Participants had unlimited response times. There were a total of 100 trials equally divided among congruent and incongruent trial types.
Spatial 2-back (near transfer). This task measures WM performance. We instructed participants to remember the location of stimuli (green circles: 3° visual angle) appearing sequentially in one of nine locations (500 ms), followed by a blank delay (2000 ms). Participants
pressed ‘j’ when the stimulus matched the location presented two trials previously; they pressed
‘f’ if the presented circle did not match. All participants completed at least 45 practice trials
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Fig 1. Left: OSpan WM paradigm. Participants remember consonants (1000 ms) then solve arithmetic problems before reporting the letter sequence. Right:
Visuospatial WM paradigm. A) Visual recognition trials start with the presentation of the stimulus array (500 ms) followed by a delay period (750 ms) and the
appearance of a probe item. Participants reported whether the probe item was ‘old’ or ‘new’. B) Location recognition trials began with the stimulus array (200
ms) followed by a delay period (4000 ms). Participants reported whether the probe location was ‘old’ or ‘new’. C) Visual recall trials begin with stimulus
presentation (2000 ms) followed by a delay (500 ms). The probe array contained 15 new and 1 old item, which participants were asked to identify. D) Location
recall trials begin with stimulus presentation (200 ms) followed by a delay period (4000 ms). At probe, an array of filled locations appeared and participants
reported which filled location had been occupied at encoding.
doi:10.1371/journal.pone.0121904.g001

until they were comfortable with the timed task. The experimental task consisted of 138 trials
(66% non-match) and lasted ~6 minutes.

Trained Tasks
Visuospatial WM. These WM paradigms varied task demands (visual, spatial) and retrieval demands (recognition, recall); see Fig 1. The visual stimuli consisted of 20 grayscale
drawings of common objects (e.g. cat, fence) [86]. Stimuli appeared in a 4x4 grid containing
five items, followed by a delay interval filled with a checkerboard and a memory probe
(unspeeded). The timing of individual tasks varied to try to equate performance across tasks
based on pilot data. The four paradigms were presented separately in two pseudo-randomly ordered 25-trial blocks.
In the visual recognition task, five items were presented (500 ms), followed by a delay (750
ms), then one probe item returned, and participants made a new/old judgment, indicating
whether or not the item was previously seen. In the spatial recognition task, five items were
presented (200 ms) followed by a delay period filled with a checkerboard (4000 ms). Participants then decided if the returning item was in a new or old spatial location compared to the
first five that were presented. In both the visual and spatial recognition trials, participants
pressed the keys ‘o’ or ‘n’ to indicate whether the item or location was old or new, respectively.
In the visual recall task, five items were presented (2000 ms) followed by a delay period filled
with a checkerboard (500 ms). 16 items then returned, filling each of the possible squares. Participants decided which 1 of the 16 items was present in the first 5. In the spatial recall task, five
items were presented (200 ms) followed by a delay period filled with a checkerboard (4000 ms).
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Twelve images then returned each filled with a new picture, and only 1 of those 12 filled spatial
locations was previously filled with the initial 5 items. In both the visual and spatial recall trials
participants selected the correct item or location by selecting a letter (A-P) that corresponded
with each of the 16 cells; see Fig 1.
The Automated Operation Span (OSpan). This is a task of divided attention in which participants must solve arithmetic problems while simultaneously encoding and maintaining a list
of letters [80]. Participants must recall letters after they complete the arithmetic problems. The
task lasted ~10 minutes and consisted of nine sets of letters, which ranged from 3 to 7 total letters. We measured performance by letter recall and math accuracy (scores range from 0 to 50).

TDCS Protocol
There were 4 tDCS groups: anodal PFC (F4 International 10–20 EEG System [87]), anodal
PPC (P4), alternating anodal PFC and PPC, or sham stimulation (control). Participants were
randomly assigned to a group and were blinded as to the tDCS protocol they received. The experimenters were aware of the stimulation protocol the participants received each session. The
first site for the alternating PFC/PPC group was counterbalanced (i.e. PFC first or PPC first)
across participants. Sham stimulation location was counterbalanced between PFC and PPC locations. There was no cathodal stimulation group, as we were only interested in improving performance and cathodal stimulation is generally linked to interruption of function. We also did
not include a no-contact group that received only tDCS with no WM training, as previous research suggests that tDCS alone during rest exerts no effect on behavioral outcomes [61, 88].
Stimulation consisted of a single continuous direct current delivered by a battery-driven continuous stimulator (Eldith MagStim, GmbH, Ilmenau, Germany). Current (1.5 mA, 10 minutes)
was delivered through two 5 x 7 cm2 electrodes housed in saline-soaked sponges. Sham stimulation included 20 seconds of ramping up and down at the beginning and end of stimulation to
give the participant a physical sense of stimulation associated with current change. This effectively
blinds participants to their stimulation condition [89]. Furthermore, no participants indicated
that they believed that they were receiving sham stimulation, as tDCS was a novel research technique for all 72 participants. In all conditions, one electrode was placed over the target location at
either F4 or P4 (International 10–20 EEG system) and the reference electrode was placed on the
contralateral cheek. This reference location has previously been used effectively in tDCS studies
of cognitive abilities [62, 63, 68, 69, 73, 90–92].
During the 10-minute stimulation/sham period, participants received task instructions and
practiced all four visuospatial WM paradigms. Previous research shows that participating in
cognitive tasks during tDCS benefits later performance [61]. After stimulation/sham, the electrodes were removed and the experimental trials began. TDCS effects last ~1 hour [40, 72, 93];
this study was designed to last less than an hour so that tDCS effects were present throughout
testing, however some studies show shorter duration of tDCS effects [94, 95].

Current Flow Modeling
To determine whether the tDCS stimulation was stimulating the frontoparietal networks central to WM performance, we modeled current flow. High-resolution models were derived from
previous MRI data (1mm T2-weighted scan), not individually for participants in the current
study. The MRI scans were segmented into several tissues: skin, fat, bone, CSF, gray matter,
white matter, air, and deep brain structures. Segmentation was carried out using Simpleware
ScanIP (Simpleware Ltd., Exeter, UK). The electrodes were created in SolidWorks (Dassault
Systèmes Corp., Waltham, MA) and oriented on the head using ScanCAD (Simpleware Ltd.,
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Exeter, UK). The head, now with the electrodes placed, was imported back to ScanIP to generate a volumetric mesh.
The meshes were then imported to a finite element solver, COMSOL Multiphysics 3.5
(COMSOL Inc., Burlington, MA). A model based on the data was created in the software's AC/
DC module. Typical electrical conductivities (S/m) were assigned to each of the tissues and
electrodes: Skin 0.465, Fat 0.025, Bone 0.01, CSF 1.65, Gray matter 0.276, White matter 0.126,
Air 1e-15, Electrodes 5.99e7, Gel 0.3 [96]. Deep structures were treated as either white matter
or gray matter. To simulate direct current stimulation, certain boundary conditions were applied. The surface of the anode was assigned a current density (-n  J = 1), the surface of the
cathode was grounded (V = 0), internal boundaries were assigned continuity (n  (J1—J2) = 0),
and the remaining surfaces were considered insulated (n  J = 0). The Laplace equation (V: potential, o: conductivity) was then solved [96]. After the simulation was run, the electric field
magnitude was plotted on the surface of the gray matter.

Results
Current Modeling
We modeled current flow to more precisely identify the spatial extent of brain stimulation after
anodal tDCS to PFC and PPC sites; see Fig 2. This analysis confirmed that tDCS to the PFC
supplied current to PFC regions, but current also reached orbitofrontal and ventral temporal
regions. Similarly, the PPC site stimulated PPC as well as more posterior occipital and ventral
temporal regions. To our surprise, there was considerable overlap of current flow, suggesting
that regardless of stimulation site, current reached frontoparietal networks strongly activated
during WM performance.

TDCS Effects
Based on the current modeling data showing overlapping current flow regardless of tDCS site,
we first tested whether active tDCS predicted significant WM training and/or transfer benefits
when compared to control (sham tDCS). To do this we created composite normalized difference scores termed benefit indices, by calculating normalized difference scores as follows: [(session 10 performance—session 1 performance)/(session 10 performance + session 1
performance)] for each participant and task. This normalization reduced variability across individuals’ performances and facilitated comparison across tasks with different scoring conventions. Furthermore, this comparison, which we previously employed in tDCS studies [62, 68,
97, 98], allows for analysis of improvement across all tasks, at each time point, which we then
followed with individual analysis by task (see below). Composite indices were completed for
the each of the 5 trained tasks and summing them to form the trained task benefit index, and
separately for the 3 transfer tasks and summing those to form the transfer task benefit index.
This provided us with a composite score for trained task improvement and a composite score
for transfer task improvement. For the first analysis, performance in the control condition was
compared to performance in the active groups, collapsing across the three active tDCS groups
to form the ‘combined active’ group. We note that the same patterns emerged when raw measures of performance were used (for raw data see Table 1). Furthermore, performance on each
trained and transfer task during session 1 was equivalent across all groups (Table 1).
First, we tested the hypothesis that active tDCS promoted greater training and transfer gains
as compared to control after 10 sessions of training. A repeated-measures ANOVA comparing
the two cumulative benefit indices (trained, transfer) with the between-subjects factor of tDCS
condition (combined active, control). After 10 sessions of training, there was a significant main
effect of benefit index (trained, transfer) such that all participants had greater improvement on
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Fig 2. TDCS Current modeling. Modeling of current flow when applying 1.5 mA tDCS for F4 anodal (top) and P4 anodal (bottom) stimulation and the
cathodal electrode placed on the contralateral cheek. The top row for each montage shows the electrical field (EF) magnitude plots. The bottom row for each
montage is the radial EF plots showing the direction of stimulation. The red shows inward (anodal) EF, while blue represents outward (cathodal) EF.
doi:10.1371/journal.pone.0121904.g002

trained tasks (F1, 70 = 62.06, MSE = 3.45, p <.001, partial η2 <.47), this was expected, because
there were more trained [5] than transfer tasks [3]. Importantly, there was no significant effect
of tDCS condition (F1, 70 = .83, MSE = .02, p = .37, partial η2 = .01), and no interaction of tDCS
group x benefit index (F1, 70 = .89, MSE = .05, p = .35, partial η2 = .01). To summarize, after ten
sessions of WM training, both tDCS groups (active, control) showed equivalent improvement
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Table 1. Accuracy/scores/reaction times for the five trained tasks and three transfer tasks.
Sham

PFC

PPC

PFC/PPC

Session

1

10

F.U.

1

10

F.U.

1

10

F.U.

1

10

F.U.

Trained
Recog
Visual

.73 (.07)

.77 (.10)

.75 (.10)

.73 (.07)
[.79]

.75 (.06)
[.57]

.75 (.08)
[.97]

.73 (.06)
[.78]

.78 (.07)
[.75]

.76 (.07)
[.82]

.72 (.09)
[.78]

.74 (.09)
[.80]

.73 (.08)
[.51]

Recog
Spatial

.73 (.14)

.80 (.13)

.78 (.10)

.72 (.14)
[.88]

.79 (.14)
[.86]

.75 (.12)
[.53]

.73 (.16)
[.98]

.80 (.15)
[.98]

.81 (.12)
[.39]

.73 (.14)
[.96]

.81 (.14)
[.73]

.85 (.09)
[.02]

Recall
Visual

.58 (.18)

.77 (.18)

.75 (.16)

.53 (.14)
[.33]

.72 (.13)
[.37]

.68 (.15)
[.23]

.50 (.18)
[.19]

.75 (.15)
[.79]

.78 (.11)
[.45]

.59 (.19)
[.94]

.73 (.14)
[.54]

.74 (.13)
[.78]

Recall
Spatial

.50 (.15)

.64 (.19)

.61 (.23)

.50 (.15)
[.99]

.61 (.18)
[.63]

.62 (.16)
[.85]

.54 (.16)
[.45]

.65 (.16)
[.94]

.64 (.18)
[.65]

.53 (.15)
[.64]

.68 (.16)
[.50]

.67 (.15)
[.37]

OSpan

30.94
(9.52)

37.17
(6.32)

.34.72
(5.01)

25.39
(8.98)
[.08]

35.06
(9.11)
[.43]

34.22
(10.10)
[.85]

31.17
(10.19)
[.95]

34.78
(5.92)
[.25]

36.61
(5.85)
[.32]

28.72
(9.59)
[.49]

33.72
(8.80)
[.18]

36.28
(8.39)
[.51]

Transfer
Digit Span

13.0
(2.47)

12.78
(2.37)

13.17
(2.46)

12.56
(2.09)
[.56]

12.33
(2.03)
[.55]

12.89
(1.57)
[.69]

12.3
(2.09)
[.56]

12.83
(1.92)
[.94]

12.67
(2.47)
[.55]

12.6
(2.43)
[.59]

12.56
(2.48)
[.79]

13.06
(2.18)
[.88]

Spatial
2-Back

.70 (.21)

.74 (.24)

.71 (.24)

.64 (.23)
[.39]

.77 (.15)
[.67]

.83 (.08)
[.04]

.65 (.20)
[.46]

.72 (.21)
[.77]

.81 (.10)
[.08]

.66 (.26)
[.64]

.82 (.08)
[.23]

.85 (.05)
[.01]

Stroop

2140.3
(418.1)

2002.0
(401.9)

1993.8
(381.6)

2065.4
(444.9)
[.61]

2057.4
(504.3)
[.72]

2063.7
(485.9)
[.63]

2495.3
(903.5)
[.14]

2240.2
(554.1)
[.15]

2225.6
(564.3)
[.16]

2042.8
(424.4)
[.49]

2012.3
(415.9)
[.94]

1876.7
(334.2)
[.33]

Paraenthesis represent standard deviation. Brackets represent t-test p value as compared to the sham group for the same task on the same session.
doi:10.1371/journal.pone.0121904.t001

on trained and transfer tasks. Thus, WM training was effective and there were no differences as
a function of group. In other words, by the end of the 10 sessions, active tDCS did not lead to
significantly greater training gains or rate of training.
However, at follow-up, after a month of no contact, a different pattern emerged. Repeating
the analysis described above, using benefit indices from baseline incorporating follow-up performance, there was again a main effect of benefit index (F1, 70 = 34.54, MSE = 2.06, p <.001,
partial η2 = .33), such that the trained benefit index was significantly greater than the transfer
benefit index across both groups. Importantly, there was also a significant main effect of
tDCS group (F1, 70 = 7.32, MSE = .25, p <.01, partial η2 = 0.10) such that the active tDCS
group showed significantly greater performance across trained and transfer tasks; see Fig 3.
This was driven largely by improvements on the more difficult spatial 2-back and OSpan
tasks (see below). There was no group x benefit index interaction (F1, 70 = .10, MSE = .01, p =
.75, partial η2 <.01). These findings demonstrate that active tDCS to frontoparietal sites sustained practice gains for trained WM tasks and enhanced transfer task performance. In other
words, all groups showed practice related improvement, but only active tDCS sustained these
gains.
A subsequent question arises as to how the different active stimulation groups performed
compared to each other, as we grouped them together in the above analysis. To answer this,
we tested the hypothesis that the different stimulation sites resulted in different training or
transfer gains. We compared the two cumulative benefit indices (trained, transfer) across the
three active tDCS groups (PFC, PPC, PFC/PPC) and found no main effect of site after session
10 (F2, 51 = .04, MSE <.01, p = .96, partial η2 <.01, all pairwise comparisons p >.80, or followup testing (F2, 51 = .30, MSE = .02, p = .74, partial η2 = .01, all pairwise comparisons p >.46).
In other words, all active tDCS groups resulted in equivalent benefits regardless of stimulation
site.
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Fig 3. Combined benefit indices (follow-up compared to session 1) for the five trained and three
transfer tasks for each stimulation group (active, sham). The active tDCS groups were collapsed across
site because there was no significant difference between them. Error bars represent standard error of
the mean.
doi:10.1371/journal.pone.0121904.g003

Analysis by Task
Lastly, we tested the hypothesis that the training and transfer gains for the active tDCS groups
were disproportionally driven by individual tasks. A criticism would be that by grouping the
tasks’ benefit indices together, we are hiding the individual effects tDCS has on each task. To
investigate this possibility, we conducted a repeated measures ANOVA for the 5 trained task
benefit indices from follow-up for the combined active tDCS group. There was a significant effect of task, (F4, 204 = 11.51, MSE = .19, p <.001, partial η2 = 0.18), such that the two recall tasks
and the OSpan task provided significantly greater gains when compared to the two recognition
tasks (recognition verbal compared to all other trained tasks: all p’s <.02, recognition spatial
compared to all other trained tasks: all p’s <.04); see Fig 4. The only other significant difference
was verbal recall provided significantly greater training gains than spatial recall (p = .03). There
was no difference between the OSpan and either recall task (both p’s >.19). The task x group
interaction was not significant (F8, 204 = 1.34, MSE = .02, p = .22, partial η2 = 0.05).
For the transfer tasks, the significant benefit was driven by the spatial 2-back task; see Fig 4.
As above, there was a main effect of transfer task (F2, 102 = 14.95, MSE = .30, p <.001, partial
η2 = 0.23), showing significantly greater improvement on the spatial 2-back task compared to
the digit span and Stroop tasks (both p’s <.001). The pairwise comparison between the digit
span and Stroop tasks was not significant (p = .45). The task x group interaction was not significant (F4, 102 = .28, MSE = .01, p = .89, partial η2 = 0.01). In sum, across trained and transfer
tasks, the more challenging and adaptive tasks showed greater gains and transfer was observed
for the near transfer task alone.

Discussion
For many, maintaining cognitive performance is a priority in the aging process. Here, we confirmed the effectiveness of WM training paradigms and demonstrated that tDCS combined
with WM training will lead to longer-lasting benefits in older adults. After ten sessions, all participants significantly improved across tasks. This was true regardless of whether the participant
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Fig 4. Performance gains per task. A: Stacked difference scores (follow-up compared to session 1) for the
five trained tasks for the sham group and the average for the active stimulation groups. B: Stacked difference
scores (follow-up compared to session 1) for the three transfer tasks for the sham group and the average for
the active stimulation groups. Error bars represent standard error of the mean.
doi:10.1371/journal.pone.0121904.g004

received active or sham tDCS. This finding is encouraging as it supports previous findings,
which show the importance of WM training in enhancing or recovering cognitive skills in
healthy older adults [13, 15, 23–37]. At follow-up, after one month of no contact, participants
who received active tDCS performed significantly better on trained and transfer tasks than the
control sham group. The magnitude of this effect did not vary as a function of stimulation site,
PFC or PPC. In other words, tDCS-linked WM benefits emerged after training ended showing
that tDCS helped maintain practice gains over time and enhanced transfer task performance.
Thus, WM training when combined with tDCS offers promise in maintaining WM gains over
longer periods of time. We offer that tDCS extends WM training benefits. This is especially relevant in a population concerned about their cognition: the healthy aging.
As noted, the current study provides convergent support for previous WM training studies
reporting improved task performance after training [13, 15, 23–37]. In these studies, training
benefits assess performance with measures that conflate practice effects with strengthened WM
skills. Importantly, a recent meta-analysis of WM training studies found no difference in the
training benefits associated with adaptive and nonadaptive training paradigms [99]. This report addresses a possible criticism of the current work in which nonadaptive training tasks
were employed. We did observe the largest transfer effect in the most difficult near transfer
task, the spatial 2-back WM. The two other near transfer measures, the Stroop task and the
digit span showed no transfer effects. This is consistent with previous training studies, which
report transfer for challenging WM tasks that require rapid updating (e.g. the n-back task; [29,
85, 100]).
The general benefit of tDCS holds promise in several domains. These data join four other
studies showing that tDCS-linked cognitive training enhances performance across various domains. For example, six training sessions pairing the Stroop task with bilateral oppositional
tDCS (left PFC anodal, right PFC cathodal) improved young adults’ performance [101]. Yet
participants who received bilateral stimulation to the PPC (left anodal, right cathodal) showed
improved numerical learning but impaired Stroop performance [101]. However, no follow-up
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measure was reported. A second study paired five training sessions with a related technique,
transcranial random noise stimulation, to the PFC and found significantly enhanced arithmetic
learning [102]. Next, one study paired tDCS with computer-assisted cognitive training in older
adults [79]. They found that bilateral anodal tDCS to the PFC paired with verbal WM training
improved trained task performance (verbal WM, digit span). Digit span improvements lasted
seven days but they did not test transfer. Importantly, one other study found near transfer WM
gains following 10 sessions of tDCS to the PFC in college aged students [103]. Our data replicate and extend these findings and show that longitudinal tDCS benefits WM over a potentially
therapeutic time frame and it is appropriate for use in healthy older adults. Furthermore, these
benefits were found following two different stimulation sites and persisted after one month of
no contact.
Although tDCS shows promise for cognitive maintenance, the mechanism underlying longterm changes remains unclear. Previous evidence demonstrated temporary modulation of
motor cortex [93], although long-term effects are reported to follow PFC stimulation [78, 104–
106]. We targeted frontoparietal networks implicated in WM performance, and it appears that
at least two, not exclusive, substrates could be contributing to the observed behavioral changes.
One possibility is that tDCS strengthened the frontoparietal connections engaged during WM
tasks. This may explain why there was no significant performance difference as a function of
stimulation site. A second explanation for tDCS-linked WM benefits is that tDCS-linked WM
training strengthened frontostriatal connections and enhanced striatal dopaminergic activity.
This interpretation is based on work showing that frontostriatal activity is important for learning and WM updating (reviewed in [107]) and findings that WM training enhances striatal dopaminergic activity during WM updating in older [108] and younger adults [109], particularly
in challenging WM tasks [110].
Although these findings demonstrate the feasibility and the durability of tDCS-linked WM
training, there are several limitations to address in future investigations. A first question relates
to the lack of spatial specificity afforded by the tDCS technique itself. As we found a benefit of
tDCS at two different stimulation sites, we cannot rule out that tDCS to any portion of the cortex could lead to improved WM training gains. The PFC and PPC sites are both associated
with WM performance and they were selected to enhance our likelihood of observing WM
benefits. Future studies should include control locations expected to show no effect on WM, to
clarify whether general stimulation promotes training gains. Given the exploratory nature of
this first longitudinal study we elected to focus on training groups that seemed most likely to
reveal improved performance rather than no change. Additionally, we cannot rule out those
participants in the active tDCS groups showed placebo related benefits from the sensation of
1.5 mA tDCS. However, we believe the tDCS-naïve participants in the current study were unaware of the possibility of a sham condition as no participants indicated that they believed to
be in a control group. Previous research finds that the tDCS sensation with 1.0 mA is not
discernable from sham stimulation for naïve and experienced participants [111], however at
2.0 mA participants are able to detect the difference [112]. It is important to note however, that
in those two studies participants received both active and sham tDCS in two different sessions,
whereas in the current study participants received only active or sham tDCS.
A second parameter to optimize is the length of training. In the present manuscript, we
used two weeks of WM training. However, one recent meta-analysis found that the type of
training overshadowed the impact of training duration [99]. This was determined by a lack of a
dose-response relationship between training length and near-transfer outcomes. Thus, the duration of training may be a secondary factor. Clearly, the shorter the training to achieve maximal benefits the better. Thirdly, this initial foray into tDCS paired with WM training revealed
that performance benefits transferred. This is the most encouraging finding with regard to
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real-world application. Future work is now needed to clarify several aspects of transfer effects.
New studies will need to include a stimulation control group that receives tDCS without WM
training. This would clarify whether tDCS alone provided long-term benefits rather than the
combination of tDCS+WM training. We think this is unlikely, because not every WM task benefits from tDCS (e.g. [68] easy WM tasks; [113]), and tDCS alone during rest exerts no effect
on behavioral outcomes [61, 88], making a general, tDCS-induced long-lasting WM improvement unlikely. Additional work will be needed to ascertain the extent of transfer effects and to
refine protocols to enable far transfer to other cognitive domains. Finally, with regard to transfer benefits, our transfer tasks were completed at three different time points in this study making them ‘trained’ to a certain degree. However, if the benefits really reflected training then we
should have observed the same improvements in the sham group, which was not the case.
A final limitation is that the training tasks were computer-based. Future work should include tasks with greater ecological validity to clarify the translational power of tDCS in healthy
aging and special aging populations. Furthermore, measures of far transfer will be needed to assess changes in remote cognitive domains such as fluid intelligence. Ideally, training will improve skills like sustained attention, that show transfer to daily skills like driving [114].
Improvement on cognitive functioning becomes important for maintaining autonomy and
quality of life. Future work is needed to test longitudinal effects of tDCS in diverse tasks and in
heterogeneous populations to predict who will benefit and for how long. However, the reality
that neuroscience will be playing an important translational role has arrived. We offer this
early work as encouragement to those of us engaged in the aging process and interested in
maintaining cognitive function.

Supporting Information
S1 Dataset.
(XLSX)

Acknowledgments
We would like to thank Dwight Peterson, Eleanor R. Berryhill Caplovitz, Filiz Gözenman, Gabriella Dimotsantos, Hector Arciniega, Jennifer Bowers, and Sierra Kreamer-Hope for assistance. The content is solely the responsibility of the authors and does not represent the official
views of any funding agency.

Author Contributions
Conceived and designed the experiments: KJ M. Berryhill. Performed the experiments: KJ JS.
Analyzed the data: KJ JS M. Berryhill MA M. Bikson. Contributed reagents/materials/analysis
tools: MA M. Bikson. Wrote the paper: KJ JS M. Berryhill MA M. Bikson.

References
1.

Park, Lautenschlager G, Hedden T, Davidson NS, Smith AD, Smith PK. Models of visuospatial and
verbal memory across the adult life span. Psychology and aging. 2002; 17(2):299–320. PMID:
12061414.

2.

Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, Frackowiak RS. A voxel-based morphometric study of ageing in 465 normal adult human brains. Neuroimage. 2001; 14(1 Pt 1):21–36.
Epub 2001/08/30. doi: 10.1006/nimg.2001.0786 PMID: 11525331.

3.

Raz N, Gunning FM, Head D, Dupuis JH, McQuain J, Briggs SD, et al. Selective aging of the human
cerebral cortex observed in vivo: differential vulnerability of the prefrontal gray matter. Cereb Cortex.
1997; 7(3):268–82. PMID: 9143446.

PLOS ONE | DOI:10.1371/journal.pone.0121904 April 7, 2015

12 / 18

Longitudinal Neurostimulation in Older Adults Improves Working Memory

4.

Cabeza R. Cognitive neuroscience of aging: Contributions of functional neuroimaging. Scand J Psychol. 2001; 42(3):277–86. doi: 10.1111/1467-9450.00237. WOS:000169970000011. PMID:
11501741

5.

Fabiani M. It was the best of times, it was the worst of times: A psychophysiologist's view of cognitive
aging. Psychophysiology. 2012; 49(3):283–304. doi: 10.1111/J.1469-8986.2011.01331.X.
WOS:000299927600001. PMID: 22220910

6.

Rajah MN, D'Esposito M. Region-specific changes in prefrontal function with age: a review of PET
and fMRI studies on working and episodic memory. Brain: a journal of neurology. 2005; 128:1964–83.
doi: 10.1093/Brain/Awh608. WOS:000231694100003. PMID: 16049041

7.

Davis SW, Dennis NA, Daselaar SM, Fleck MS, Cabeza R. Que PASA? The posterior-anterior shift in
aging. Cereb Cortex. 2008; 18(5):1201–9. Epub 2007/10/11. bhm155 [pii] doi: 10.1093/cercor/
bhm155 PMID: 17925295; PubMed Central PMCID: PMC2760260.

8.

Mendelsohn AR, Larrick JW. Reversing age-related decline in working memory. Rejuvenation Res.
2011; 14(5):557–9. Epub 2011/10/22. doi: 10.1089/rej.2011.1247 PMID: 22013901.

9.

Peich MC, Husain M, Bays PM. Age-related decline of precision and binding in visual working memory. Psychol Aging. 2013; 28(3):729–43. Epub 2013/08/28. doi: 10.1037/a0033236 2013-29995-001
[pii]. PMID: 23978008; PubMed Central PMCID: PMC3913749.

10.

Wang M, Gamo NJ, Yang Y, Jin LE, Wang XJ, Laubach M, et al. Neuronal basis of age-related working memory decline. Nature. 2011; 476(7359):210–3. Epub 2011/07/29. doi: 10.1038/nature10243
nature10243 [pii]. PMID: 21796118; PubMed Central PMCID: PMC3193794.

11.

Lautenschlager NT, Cox KL, Flicker L, Foster JK, van Bockxmeer FM, Xiao J, et al. Effect of physical
activity on cognitive function in older adults at risk for Alzheimer disease: a randomized trial. JAMA.
2008; 300(9):1027–37. doi: 10.1001/jama.300.9.1027 PMID: 18768414.

12.

Kamegaya T, Maki Y, Yamagami T, Yamaguchi T, Murai T, Yamaguchi H. Pleasant physical exercise
program for prevention of cognitive decline in community-dwelling elderly with subjective memory
complaints. Geriatr Gerontol Int. 2012; 12(4):673–9. Epub 2012/04/04. doi: 10.1111/j.1447-0594.
2012.00840.x PMID: 22469534.

13.

Shatil E. Does combined cognitive training and physical activity training enhance cognitive abilities
more than either alone? A four-condition randomized controlled trial among healthy older adults. Front
Aging Neurosci. 2013; 5:8. Epub 2013/03/28. doi: 10.3389/fnagi.2013.00008 PMID: 23531885;
PubMed Central PMCID: PMC3607803.

14.

Scarmeas N, Luchsinger JA, Schupf N, Brickman AM, Cosentino S, Tang MX, et al. Physical activity,
diet, and risk of Alzheimer disease. JAMA. 2009; 302(6):627–37. doi: 10.1001/jama.2009.1144 PMID:
19671904; PubMed Central PMCID: PMC2765045.

15.

Miller KJ, Siddarth P, Gaines JM, Parrish JM, Ercoli LM, Marx K, et al. The memory fitness program:
cognitive effects of a healthy aging intervention. Am J Geriatr Psychiatry. 2012; 20(6):514–23. doi: 10.
1097/JGP.0b013e318227f821 PMID: 21765343.

16.

Barnes LL, Mendes de Leon CF, Wilson RS, Bienias JL, Evans DA. Social resources and cognitive
decline in a population of older African Americans and whites. Neurology. 2004; 63(12):2322–6. Epub
2004/12/30. 63/12/2322 [pii]. PMID: 15623694.

17.

Tangney CC, Kwasny MJ, Li H, Wilson RS, Evans DA, Morris MC. Adherence to a Mediterraneantype dietary pattern and cognitive decline in a community population. The American journal of clinical
nutrition. 2011; 93(3):601–7. doi: 10.3945/ajcn.110.007369 PMID: 21177796; PubMed Central
PMCID: PMC3041601.

18.

Lustig C, Shah P, Seidler R, Reuter-Lorenz PA. Aging, training, and the brain: a review and future directions. Neuropsychol Rev. 2009; 19(4):504–22. Epub 2009/10/31. doi: 10.1007/s11065-009-91199 PMID: 19876740; PubMed Central PMCID: PMC3005345.

19.

Noack H, Lovden M, Schmiedek F, Lindenberger U. Cognitive plasticity in adulthood and old age:
gauging the generality of cognitive intervention effects. Restor Neurol Neurosci. 2009; 27(5):435–53.
Epub 2009/10/23. doi: 10.3233/RNN-2009-0496 212N711846130566 [pii]. PMID: 19847069.

20.

Morrison AB, Chein JM. Does working memory training work? The promise and challenges of enhancing cognition by training working memory. Psychon Bull Rev. 2011; 18(1):46–60. Epub 2011/02/18.
doi: 10.3758/s13423-010-0034-0 PMID: 21327348.

21.

Shipstead Z, Redick TS, Engle RW. Is working memory training effective? Psychol Bull. 2012; 138(4):628–54. Epub 2012/03/14. doi: 10.1037/a0027473 2012-06385-001 [pii]. PMID: 22409508.

22.

Owen AM, Hampshire A, Grahn JA, Stenton R, Dajani S, Burns AS, et al. Putting brain training to the
test. Nature. 2010; 465(7299):775–U6. doi: 10.1038/Nature09042. WOS:000278551800044. PMID:
20407435

PLOS ONE | DOI:10.1371/journal.pone.0121904 April 7, 2015

13 / 18

Longitudinal Neurostimulation in Older Adults Improves Working Memory

23.

Mahncke HW, Connor BB, Appelman J, Ahsanuddin ON, Hardy JL, Wood RA, et al. Memory enhancement in healthy older adults using a brain plasticity-based training program: a randomized, controlled study. Proc Natl Acad Sci U S A. 2006; 103(33):12523–8. Epub 2006/08/05. 0605194103 [pii]
10.1073/pnas.0605194103. PMID: 16888038; PubMed Central PMCID: PMC1526649.

24.

Buschkuehl M, Jaeggi SM, Hutchison S, Perrig-Chiello P, Dapp C, Muller M, et al. Impact of working
memory training on memory performance in old-old adults. Psychology and aging. 2008; 23(4):743–
53. Epub 2009/01/15. doi: 10.1037/a0014342 PMID: 19140646.

25.

Dahlin E, Nyberg L, Backman L, Neely AS. Plasticity of executive functioning in young and older
adults: immediate training gains, transfer, and long-term maintenance. Psychology and aging. 2008;
23(4):720–30. Epub 2009/01/15. doi: 10.1037/a0014296 PMID: 19140643.

26.

Li SC, Schmiedek F, Huxhold O, Rocke C, Smith J, Lindenberger U. Working memory plasticity in
old age: practice gain, transfer, and maintenance. Psychology and aging. 2008; 23(4):731–42. Epub
2009/01/15. doi: 10.1037/a0014343 PMID: 19140644.

27.

Karbach J, Kray J. How useful is executive control training? Age differences in near and far transfer of
task-switching training. Dev Sci. 2009; 12(6):978–90. Epub 2009/10/21. doi: 10.1111/j.1467-7687.
2009.00846.x DESC846 [pii]. PMID: 19840052.

28.

Chein JM, Morrison AB. Expanding the mind's workspace: training and transfer effects with a complex
working memory span task. Psychon Bull Rev. 2010; 17(2):193–9. Epub 2010/04/13. doi: 10.3758/
PBR.17.2.193 17/2/193 [pii]. PMID: 20382919.

29.

Schmiedek F, Lovden M, Lindenberger U. Hundred Days of Cognitive Training Enhance Broad Cognitive Abilities in Adulthood: Findings from the COGITO Study. Front Aging Neurosci. 2010; 2. Epub
2010/08/21. doi: 10.3389/fnagi.2010.00027 27 [pii]. PMID: 20725526; PubMed Central PMCID:
PMC2914582.

30.

Richmond LL, Morrison AB, Chein JM, Olson IR. Working memory training and transfer in older adults.
Psychology and aging. 2011; 26(4):813–22. Epub 2011/06/29. doi: 10.1037/a0023631 PMID:
21707176.

31.

Brehmer Y, Westerberg H, Backman L. Working-memory training in younger and older adults: training
gains, transfer, and maintenance. Frontiers in human neuroscience. 2012; 6:63. Epub 2012/04/04.
doi: 10.3389/fnhum.2012.00063 PMID: 22470330; PubMed Central PMCID: PMC3313479.

32.

Gajewski PD, Falkenstein M. Training-induced improvement of response selection and error detection
in aging assessed by task switching: effects of cognitive, physical, and relaxation training. Frontiers in
human neuroscience. 2012; 6:130. Epub 2012/05/18. doi: 10.3389/fnhum.2012.00130 PMID:
22593740; PubMed Central PMCID: PMC3349932.

33.

Nouchi R, Taki Y, Takeuchi H, Hashizume H, Akitsuki Y, Shigemune Y, et al. Brain training game improves executive functions and processing speed in the elderly: a randomized controlled trial. PLoS
One. 2012; 7(1):e29676. Epub 2012/01/19. doi: 10.1371/journal.pone.0029676 PONE-D-11-07694
[pii]. PMID: 22253758; PubMed Central PMCID: PMC3256163.

34.

Nouchi R, Taki Y, Takeuchi H, Hashizume H, Nozawa T, Sekiguchi A, et al. Beneficial effects of shortterm combination exercise training on diverse cognitive functions in healthy older people: study protocol for a randomized controlled trial. Trials. 2012; 13:200. Epub 2012/10/31. doi: 10.1186/1745-621513-200 PMID: 23107038; PubMed Central PMCID: PMC3495024.

35.

van Muijden J, Band GP, Hommel B. Online games training aging brains: limited transfer to cognitive
control functions. Front Hum Neurosci. 2012; 6:221. Epub 2012/08/23. doi: 10.3389/fnhum.2012.
00221 PMID: 22912609; PubMed Central PMCID: PMC3421963.

36.

Willis SL, Tennstedt SL, Marsiske M, Ball K, Elias J, Koepke KM, et al. Long-term effects of cognitive
training on everyday functional outcomes in older adults. JAMA. 2006; 296(23):2805–14. Epub 2006/
12/21. 296/23/2805 [pii] doi: 10.1001/jama.296.23.2805 PMID: 17179457; PubMed Central PMCID:
PMC2910591.

37.

Margrett JA, Willis SL. In-home cognitive training with older married couples: individual versus collaborative learning. Neuropsychol Dev Cogn B Aging Neuropsychol Cogn. 2006; 13(2):173–95. Epub
2006/06/30. QN51624RM2442Q40 [pii] doi: 10.1080/138255890969285 PMID: 16807197; PubMed
Central PMCID: PMC2856450.

38.

Dahlin E, Backman L, Neely AS, Nyberg L. Training of the executive component of working memory:
subcortical areas mediate transfer effects. Restor Neurol Neurosci. 2009; 27(5):405–19. Epub 2009/
10/23. G072655216169220 [pii] 10.3233/RNN-2009-0492. PMID: 19847067. doi: 10.3233/RNN2009-0492

39.

Nyberg L, Dahlin E, Stigsdotter Neely A, Backman L. Neural correlates of variable working memory
load across adult age and skill: dissociative patterns within the fronto-parietal network. Scand J Psychol. 2009; 50(1):41–6. Epub 2008/08/19. doi: 10.1111/j.1467-9450.2008.00678.x SJOP678 [pii].
PMID: 18705668.

PLOS ONE | DOI:10.1371/journal.pone.0121904 April 7, 2015

14 / 18

Longitudinal Neurostimulation in Older Adults Improves Working Memory

40.

Nitsche MA, Liebetanz D, Lang N, Antal A, Tergau F, Paulus W. Safety criteria for transcranial direct
current stimulation (tDCS) in humans. Clinical neurophysiology: official journal of the International
Federation of Clinical Neurophysiology. 2003; 114(11):2220–2; author reply 2–3. PMID: 14580622.

41.

Kessler SK, Turkeltaub PE, Benson JG, Hamilton RH. Differences in the experience of active and
sham transcranial direct current stimulation. Brain stimulation. 2012; 5(2):155–62. doi: 10.1016/j.brs.
2011.02.007 PMID: 22037128; PubMed Central PMCID: PMC3270148.

42.

Nitsche MA, Paulus W. Excitability changes induced in the human motor cortex by weak transcranial
direct current stimulation. J Physiol. 2000; 527 Pt 3:633–9. Epub 2000/09/16. PHY_1055 [pii]. PMID:
10990547; PubMed Central PMCID: PMC2270099.

43.

Rosenkranz K, Nitsche MA, Tergau F, Paulus W. Diminution of training-induced transient motor
cortex plasticity by weak transcranial direct current stimulation in the human. Neurosci Lett. 2000;
296(1):61–3. Epub 2000/12/02. S0304-3940(00)01621-9 [pii]. PMID: 11099834.

44.

Antal A, Kincses TZ, Nitsche MA, Bartfai O, Paulus W. Excitability changes induced in the human primary visual cortex by transcranial direct current stimulation: direct electrophysiological evidence. Invest Ophthalmol Vis Sci. 2004; 45(2):702–7. Epub 2004/01/28. PMID: 14744917.

45.

Paulus W. Transcranial electrical stimulation (tES—tDCS; tRNS, tACS) methods. Neuropsychol
Rehabil. 2011; 21(5):602–17. Epub 2011/08/09. doi: 10.1080/09602011.2011.557292 PMID:
21819181.

46.

Stagg CJ, Nitsche MA. Physiological basis of transcranial direct current stimulation. The Neuroscientist: a review journal bringing neurobiology, neurology and psychiatry. 2011; 17(1):37–53. doi: 10.
1177/1073858410386614 PMID: 21343407.

47.

Fregni F, Boggio PS, Nitsche MA, Marcolin MA, Rigonatti SP, Pascual-Leone A. Treatment of major
depression with transcranial direct current stimulation. Bipolar Disord. 2006; 8(2):203–4. Epub 2006/
03/18. BDI291 [pii] doi: 10.1111/j.1399-5618.2006.00291.x PMID: 16542193.

48.

Brunoni AR, Ferrucci R, Bortolomasi M, Vergari M, Tadini L, Boggio PS, et al. Transcranial direct current stimulation (tDCS) in unipolar vs. bipolar depressive disorder. Prog Neuropsychopharmacol Biol
Psychiatry. 2011; 35(1):96–101. Epub 2010/09/22. doi: 10.1016/j.pnpbp.2010.09.010 S0278-5846
(10)00361-1 [pii]. PMID: 20854868.

49.

Ferrucci R, Mameli F, Guidi I, Mrakic-Sposta S, Vergari M, Marceglia S, et al. Transcranial direct current stimulation improves recognition memory in Alzheimer disease. Neurology. 2008; 71(7):493–8.
doi: 10.1212/01.wnl.0000317060.43722.a3 PMID: 18525028.

50.

Boggio PS, Ferrucci R, Rigonatti SP, Covre P, Nitsche M, Pascual-Leone A, et al. Effects of transcranial direct current stimulation on working memory in patients with Parkinson's disease. Journal of the
neurological sciences. 2006; 249(1):31–8. doi: 10.1016/j.jns.2006.05.062 PMID: 16843494.

51.

Fridriksson J, Richardson JD, Baker JM, Rorden C. Transcranial direct current stimulation improves
naming reaction time in fluent aphasia: a double-blind, sham-controlled study. Stroke. 2011; 42(3):819–21. Epub 2011/01/15. doi: 10.1161/STROKEAHA.110.600288 STROKEAHA.110.600288
[pii]. PMID: 21233468.

52.

Baker JM, Rorden C, Fridriksson J. Using transcranial direct-current stimulation to treat stroke patients with aphasia. Stroke. 2010; 41(6):1229–36. Epub 2010/04/17. STROKEAHA.109.576785 [pii]
doi: 10.1161/STROKEAHA.109.576785 PMID: 20395612; PubMed Central PMCID: PMC2876210.

53.

Monti A, Cogiamanian F, Marceglia S, Ferrucci R, Mameli F, Mrakic-Sposta S, et al. Improved
naming after transcranial direct current stimulation in aphasia. J Neurol Neurosurg Psychiatry. 2008;
79(4):451–3. Epub 2007/12/22. jnnp.2007.135277 [pii] doi: 10.1136/jnnp.2007.135277 PMID:
18096677.

54.

Suzuki K, Fujiwara T, Tanaka N, Tsuji T, Masakado Y, Hase K, et al. Comparison of the after-effects
of transcranial direct current stimulation over the motor cortex in patients with stroke and healthy volunteers. Int J Neurosci. 2012; 122(11):675–81. Epub 2012/07/04. doi: 10.3109/00207454.2012.
707715 PMID: 22747238.

55.

Kim DY, Ohn SH, Yang EJ, Park CI, Jung KJ. Enhancing motor performance by anodal transcranial
direct current stimulation in subacute stroke patients. Am J Phys Med Rehabil. 2009; 88(10):829–36.
Epub 2009/10/01. doi: 10.1097/PHM.0b013e3181b811e3 00002060-200910000-00008 [pii]. PMID:
21119316.

56.

Fregni F, Boggio PS, Mansur CG, Wagner T, Ferreira MJ, Lima MC, et al. Transcranial direct current
stimulation of the unaffected hemisphere in stroke patients. Neuroreport. 2005; 16(14):1551–5. Epub
2005/09/09. PMID: 16148743.

57.

Hummel FC, Heise K, Celnik P, Floel A, Gerloff C, Cohen LG. Facilitating skilled right hand motor
function in older subjects by anodal polarization over the left primary motor cortex. Neurobiol Aging.
2010; 31(12):2160–8. Epub 2009/02/10. doi: 10.1016/j.neurobiolaging.2008.12.008 S0197-4580(08)
00422-3 [pii]. PMID: 19201066; PubMed Central PMCID: PMC2995492.

PLOS ONE | DOI:10.1371/journal.pone.0121904 April 7, 2015

15 / 18

Longitudinal Neurostimulation in Older Adults Improves Working Memory

58.

Zimerman M, Nitsch M, Giraux P, Gerloff C, Cohen LG, Hummel FC. Neuroenhancement of the aging
brain: restoring skill acquisition in old subjects. Ann Neurol. 2013; 73(1):10–5. Epub 2012/12/12. doi:
10.1002/ana.23761 PMID: 23225625.

59.

Ross LA, McCoy D, Coslett HB, Olson IR, Wolk DA. Improved proper name recall in aging after electrical stimulation of the anterior temporal lobes. Front Aging Neurosci. 2011; 3:16. Epub 2011/10/22.
doi: 10.3389/fnagi.2011.00016 PMID: 22016735; PubMed Central PMCID: PMC3191456.

60.

Boggio PS, Campanha C, Valasek CA, Fecteau S, Pascual-Leone A, Fregni F. Modulation of decision-making in a gambling task in older adults with transcranial direct current stimulation. Eur J Neurosci. 2010; 31(3):593–7. Epub 2010/01/29. doi: 10.1111/j.1460-9568.2010.07080.x EJN7080 [pii].
PMID: 20105234.

61.

Andrews SC, Hoy KE, Enticott PG, Daskalakis ZJ, Fitzgerald PB. Improving working memory: the effect of combining cognitive activity and anodal transcranial direct current stimulation to the left dorsolateral prefrontal cortex. Brain stimulation. 2011; 4(2):84–9. doi: 10.1016/j.brs.2010.06.004 PMID:
21511208.

62.

Berryhill ME, Jones KT. tDCS selectively improves working memory in older adults with more education. Neuroscience letters. 2012; 521(2):148–51. doi: 10.1016/j.neulet.2012.05.074 PMID: 22684095.

63.

Berryhill ME, Wencil EB, Branch Coslett H, Olson IR. A selective working memory impairment after
transcranial direct current stimulation to the right parietal lobe. Neurosci Lett. 2010; 479(3):312–6.
Epub 2010/06/24. S0304-3940(10)00716-0 [pii] doi: 10.1016/j.neulet.2010.05.087 PMID: 20570713;
PubMed Central PMCID: PMC2902585.

64.

Boehringer A, Macher K, Dukart J, Villringer A, Pleger B. Cerebellar transcranial direct current stimulation modulates verbal working memory. Brain Stimul. 2013; 6(4):649–53. Epub 2012/11/06. doi: 10.
1016/j.brs.2012.10.001 S1935-861X(12)00190-8 [pii]. PMID: 23122917.

65.

Fregni F, Boggio PS, Nitsche M, Bermpohl F, Antal A, Feredoes E, et al. Anodal transcranial
direct current stimulation of prefrontal cortex enhances working memory. Exp Brain Res. 2005; 166(1):23–30. Epub 2005/07/07. doi: 10.1007/s00221-005-2334-6 PMID: 15999258.

66.

Heimrath K, Sandmann P, Becke A, Muller NG, Zaehle T. Behavioral and electrophysiological effects
of transcranial direct current stimulation of the parietal cortex in a visuo-spatial working memory task.
Front Psychiatry. 2012; 3:56. Epub 2012/06/23. doi: 10.3389/fpsyt.2012.00056 PMID: 22723784;
PubMed Central PMCID: PMC3378949.

67.

Jeon SY, Han SJ. Improvement of the working memory and naming by transcranial direct current stimulation. Ann Rehabil Med. 2012; 36(5):585–95. Epub 2012/11/28. doi: 10.5535/arm.2012.36.5.585
PMID: 23185722; PubMed Central PMCID: PMC3503933.

68.

Jones KT, Berryhill ME. Parietal contributions to visual working memory depend on task difficulty.
Frontiers in psychiatry. 2012; 3:81. doi: 10.3389/fpsyt.2012.00081 PMID: 22973241; PubMed Central
PMCID: PMC3437464.

69.

Marshall L, Molle M, Siebner HR, Born J. Bifrontal transcranial direct current stimulation slows reaction time in a working memory task. BMC neuroscience. 2005; 6:23. Epub 2005/04/12. 1471-2202-623 [pii] doi: 10.1186/1471-2202-6-23 PMID: 15819988; PubMed Central PMCID: PMC1090588.

70.

Mulquiney PG, Hoy KE, Daskalakis ZJ, Fitzgerald PB. Improving working memory: exploring the effect of transcranial random noise stimulation and transcranial direct current stimulation on the dorsolateral prefrontal cortex. Clin Neurophysiol. 2011; 122(12):2384–9. Epub 2011/06/15. doi: 10.1016/j.
clinph.2011.05.009 S1388-2457(11)00358-0 [pii]. PMID: 21665534.

71.

Mylius V, Jung M, Menzler K, Haag A, Khader PH, Oertel WH, et al. Effects of transcranial direct current stimulation on pain perception and working memory. Eur J Pain. 2012; 16(7):974–82. Epub
2012/02/18. doi: 10.1002/j.1532-2149.2011.00105.x PMID: 22337597.

72.

Ohn SH, Park CI, Yoo WK, Ko MH, Choi KP, Kim GM, et al. Time-dependent effect of transcranial direct current stimulation on the enhancement of working memory. Neuroreport. 2008; 19(1):43–7.
Epub 2008/02/19. doi: 10.1097/WNR.0b013e3282f2adfd 00001756-200801080-00008 [pii]. PMID:
18281890.

73.

Zaehle T, Sandmann P, Thorne JD, Jancke L, Herrmann CS. Transcranial direct current stimulation of
the prefrontal cortex modulates working memory performance: combined behavioural and
electrophysiological evidence. BMC neuroscience. 2011; 12:2. Epub 2011/01/08. doi: 10.1186/14712202-12-2 PMID: 21211016; PubMed Central PMCID: PMC3024225.

74.

Boggio PS, Ferrucci R, Mameli F, Martins D, Martins O, Vergari M, et al. Prolonged visual memory enhancement after direct current stimulation in Alzheimer's disease. Brain Stimul. 2011. Epub 2011/08/
16. S1935-861X(11)00088-X [pii] doi: 10.1016/j.brs.2011.06.006 PMID: 21840288.

75.

Boggio PS, Valasek CA, Campanha C, Giglio AC, Baptista NI, Lapenta OM, et al. Non-invasive brain
stimulation to assess and modulate neuroplasticity in Alzheimer's disease. Neuropsychol Rehabil.
2011; 21(5):703–16. Epub 2011/09/29. doi: 10.1080/09602011.2011.617943 PMID: 21942868.

PLOS ONE | DOI:10.1371/journal.pone.0121904 April 7, 2015

16 / 18

Longitudinal Neurostimulation in Older Adults Improves Working Memory

76.

Boggio PS, Khoury LP, Martins DC, Martins OE, de Macedo EC, Fregni F. Temporal cortex direct current stimulation enhances performance on a visual recognition memory task in Alzheimer disease. J
Neurol Neurosurg Psychiatry. 2009; 80(4):444–7. Epub 2008/11/04. jnnp.2007.141853 [pii] doi: 10.
1136/jnnp.2007.141853 PMID: 18977813.

77.

Jo JM, Kim YH, Ko MH, Ohn SH, Joen B, Lee KH. Enhancing the working memory of stroke patients
using tDCS. Am J Phys Med Rehabil. 2009; 88(5):404–9. Epub 2009/07/22. doi: 10.1097/PHM.
0b013e3181a0e4cb 00002060-200905000-00008 [pii]. PMID: 19620953.

78.

Dockery CA, Hueckel-Weng R, Birbaumer N, Plewnia C. Enhancement of planning ability by transcranial direct current stimulation. J Neurosci. 2009; 29(22):7271–7. Epub 2009/06/06. 29/22/7271 [pii]
doi: 10.1523/JNEUROSCI.0065-09.2009 PMID: 19494149.

79.

Park SH, Seo JH, Kim YH, Ko MH. Long-term effects of transcranial direct current stimulation combined with computer-assisted cognitive training in healthy older adults. Neuroreport. 2014; 25(2):122–6. doi: 10.1097/Wnr.0000000000000080. WOS:000329810300010. PMID: 24176927

80.

Unsworth N, Heitz RP, Schrock JC, Engle RW. An automated version of the operation span task.
Behav Res Methods. 2005; 37(3):498–505. Epub 2006/01/13. PMID: 16405146.

81.

Folstein MF, Folstein SE, McHugh PR. "Mini-mental state". A practical method for grading the cognitive
state of patients for the clinician. J Psychiatr Res. 1975; 12(3):189–98. Epub 1975/11/01. PMID: 1202204.

82.

Wechsler D. Wechsler Adult Intelligenve Scale-Fouth Edition. San Antonio, TX: Pearson. 2008.

83.

Stroop JR. Studies of interference in serial verbal reactions. Journal of Experimental Psychology.
1935; 18(6):643–62. doi: 10.1037/h0054651

84.

Kirchner WK. Age differences in short-term retention of rapidly changing information. J Exp Psychol.
1958; 55(4):352–8. Epub 1958/04/01. PMID: 13539317.

85.

Jaeggi SM, Buschkuehl M, Jonides J, Perrig WJ. Improving fluid intelligence with training on working
memory. Proc Natl Acad Sci U S A. 2008; 105(19):6829–33. Epub 2008/04/30. doi: 10.1073/pnas.
0801268105 0801268105 [pii]. PMID: 18443283; PubMed Central PMCID: PMC2383929.

86.

Rossion B, Pourtois G. Revisiting Snodgrass and Vanderwart's object pictorial set: the role of surface
detail in basic-level object recognition. Perception. 2004; 33(2):217–36. PMID: 15109163.

87.

Klem GH, Luders HO, Jasper HH, Elger C. The ten-twenty electrode system of the International Federation. The International Federation of Clinical Neurophysiology. Electroencephalogr Clin Neurophysiol Suppl. 1999; 52:3–6. Epub 1999/12/11. PMID: 10590970.

88.

Galea JM, Celnik P. Brain polarization enhances the formation and retention of motor memories. Journal of neurophysiology. 2009; 102(1):294–301. doi: 10.1152/jn.00184.2009 PMID: 19386757;
PubMed Central PMCID: PMC2712265.

89.

Gandiga PC, Hummel FC, Cohen LG. Transcranial DC stimulation (tDCS): a tool for double-blind
sham-controlled clinical studies in brain stimulation. Clin Neurophysiol. 2006; 117(4):845–50. Epub
2006/01/24. S1388-2457(05)00507-9 [pii] doi: 10.1016/j.clinph.2005.12.003 PMID: 16427357.

90.

Elmer S, Burkard M, Renz B, Meyer M, Jancke L. Direct current induced short-term modulation of the
left dorsolateral prefrontal cortex while learning auditory presented nouns. Behav Brain Funct. 2009;
5:29. Epub 2009/07/17. 1744-9081-5-29 [pii] doi: 10.1186/1744-9081-5-29 PMID: 19604352; PubMed
Central PMCID: PMC2719658.

91.

Hsu TY, Tseng LY, Yu JX, Kuo WJ, Hung DL, Tzeng OJ, et al. Modulating inhibitory control with direct
current stimulation of the superior medial frontal cortex. Neuroimage. 2011; 56(4):2249–57. Epub
2011/04/05. doi: 10.1016/j.neuroimage.2011.03.059 PMID: 21459149.

92.

Tseng P, Hsu TY, Chang CF, Tzeng OJ, Hung DL, Muggleton NG, et al. Unleashing Potential: Transcranial Direct Current Stimulation over the Right Posterior Parietal Cortex Improves Change Detection in Low-Performing Individuals. J Neurosci. 2012; 32(31):10554–61. Epub 2012/08/03. 32/31/
10554 [pii] doi: 10.1523/JNEUROSCI.0362-12.2012 PMID: 22855805.

93.

Nitsche MA, Paulus W. Sustained excitability elevations induced by transcranial DC motor cortex
stimulation in humans. Neurology. 2001; 57(10):1899–901. WOS:000172334700031. PMID:
11723286

94.

Antal A, Nitsche MA, Paulus W. Transcranial magnetic and direct current stimulation of the visual cortex. Suppl Clin Neurophysiol. 2003; 56:291–304. Epub 2003/12/18. PMID: 14677406.

95.

Filmer HL, Mattingley JB, Dux PE. Improved multitasking following prefrontal tDCS. Cortex. 2013; 49(10):2845–52. Epub 2013/10/02. doi: 10.1016/j.cortex.2013.08.015 S0010-9452(13)00217-7 [pii].
PMID: 24079917.

96.

Truong DQ, Magerowski G, Blackburn GL, Bikson M, Alonso-Alonso M. Computational modeling of
transcranial direct current stimulation (tDCS) in obesity: Impact of head fat and dose guidelines. Neuroimage Clin. 2013; 2:759–66. Epub 2013/10/26. doi: 10.1016/j.nicl.2013.05.011 S2213-1582(13)
00067-3 [pii]. PMID: 24159560; PubMed Central PMCID: PMC3778260.

PLOS ONE | DOI:10.1371/journal.pone.0121904 April 7, 2015

17 / 18

Longitudinal Neurostimulation in Older Adults Improves Working Memory

97.

Jones K, Gozenman F, Berryhill M. Transcranial Direct Current Stimulation Facilitates Episodic Memory Encoding. Journal of Cognitive Neuroscience. 2013:82-. WOS:000317030500285.

98.

Jones KT, Gozenman F, Berryhill ME. The strategy and motivational influences on the beneficial effect of neurostimulation: A tDCS and fNIRS study. NeuroImage. 2015; 105:238–47. doi: 10.1016/j.
neuroimage.2014.11.012 PMID: 25462798.

99.

Karbach J, Verhaeghen P. Making Working Memory Work: A Meta-Analysis of Executive-Control and
Working Memory Training in Older Adults. Psychol Sci. 2014. Epub October 8, 2014.

100.

Verhaeghen P, Cerella J, Basak C. A working memory workout: how to expand the focus of serial
attention from one to four items in 10 hours or less. J Exp Psychol Learn Mem Cogn. 2004; 30(6):1322–37. Epub 2004/11/04. 2004-19815-014 [pii] doi: 10.1037/0278-7393.30.6.1322 PMID:
15521807.

101.

Iuculano T, Cohen Kadosh R. The mental cost of cognitive enhancement. J Neurosci. 2013; 33(10):4482–6. Epub 2013/03/08. doi: 10.1523/JNEUROSCI.4927-12.2013 33/10/4482 [pii]. PMID:
23467363.

102.

Snowball A, Tachtsidis I, Popescu T, Thompson J, Delazer M, Zamarian L, et al. Long-term enhancement of brain function and cognition using cognitive training and brain stimulation. Curr Biol. 2013; 23(11):987–92. Epub 2013/05/21. doi: 10.1016/j.cub.2013.04.045 S0960-9822(13)00486-7 [pii]. PMID:
23684971; PubMed Central PMCID: PMC3675670.

103.

Richmond L, Wolk D, Chein J, Olson I. Transcranial Direct Current Stimulation Enhances Verbal
Working Memory Training Performance over Time and Near-transfer Outcomes. Journal of Cognitive
Neuroscience. 2014.

104.

Marangolo P, Fiori F, Calpagnano M, Campana S, Razzano C, Caltagirone C, et al. tDCS over the left
inferior frontal cortex improves speech production in aphasia. Frontiers in Human Neuroscience.
2013; 7:1–10. doi: 10.3389/fnhum.2013.00001 PMID: 23355817

105.

Hamilton RH, Chrysikou EG, Coslett B. Mechanisms of aphasia recovery after stroke and the role of
noninvasive brain stimulation. Brain Lang. 2011; 118(1–2):40–50. Epub 2011/04/05. doi: 10.1016/j.
bandl.2011.02.005 S0093-934X(11)00037-X [pii]. PMID: 21459427; PubMed Central PMCID:
PMC3109088.

106.

Chrysikou EG, Hamilton RH, Coslett HB, Datta A, Bikson M, Thompson-Schill SL. Noninvasive transcranial direct current stimulation over the left prefrontal cortex facilitates cognitive flexibility in tool
use. Cogn Neurosci. 2013; 4(2):81–9. Epub 2013/07/31. doi: 10.1080/17588928.2013.768221 PMID:
23894253; PubMed Central PMCID: PMC3719984.

107.

Backman L, Nyberg L. Dopamine and training-related working-memory improvement. Neurosci Biobehav Rev. 2013. Epub 2013/01/22. S0149-7634(13)00015-8 [pii] doi: 10.1016/j.neubiorev.2013.01.
014 PMID: 23333266.

108.

Kuhn S, Schmiedek F, Schott B, Ratcliff R, Heinze HJ, Duzel E, et al. Brain areas consistently linked
to individual differences in perceptual decision-making in younger as well as older adults before and
after training. J Cogn Neurosci. 2011; 23(9):2147–58. Epub 2010/09/03. doi: 10.1162/jocn.2010.
21564 PMID: 20807055.

109.

Backman L, Nyberg L, Soveri A, Johansson J, Andersson M, Dahlin E, et al. Effects of Working-Memory Training on Striatal Dopamine Release. Science. 2011; 333(6043):718-. doi: 10.1126/Science.
1204978. WOS:000293512100032. PMID: 21817043

110.

Dahlin E, Neely AS, Larsson A, Backman L, Nyberg L. Transfer of learning after updating training mediated by the striatum. Science. 2008; 320(5882):1510–2. doi: 10.1126/Science.1155466.
WOS:000256676400049. PMID: 18556560

111.

Ambrus GG, Al-Moyed H, Chaieb L, Sarp L, Antal A, Paulus W. The fade-in—Short stimulation—
Fade out approach to sham tDCS—Reliable at 1 mA for naive and experienced subjects, but not investigators. Brain stimulation. 2012; 5(4):499–504. doi: 10.1016/J.Brs.2011.12.001.
WOS:000311532200008. PMID: 22405745

112.

O'connell NE, Cossar J, Marston L, Wand BM, Bunce D, Moseley GL, et al. Rethinking Clinical
Trials of Transcranial Direct Current Stimulation: Participant and Assessor Blinding Is Inadequate
at Intensities of 2mA. Plos One. 2012; 7(10). ARTN e47514 doi: 10.1371/journal.pone.0047514.
WOS:000311146900070.

113.

Berryhill ME, Peterson DJ, Jones KT, Stephens JA. Hits and misses: leveraging tDCS to advance
cognitive research. Front Psychol. 2014; 5(800). Epub Jul 25. doi: 10.3389/fpsyg.2014.00800 PMID:
25120513

114.

Cassavaugh ND, Kramer AF. Transfer of computer-based training to simulated driving in older adults.
Appl Ergon. 2009; 40(5):943–52. Epub 2009/03/10. doi: 10.1016/j.apergo.2009.02.001 S0003-6870
(09)00026-X [pii]. PMID: 19268912.

PLOS ONE | DOI:10.1371/journal.pone.0121904 April 7, 2015

18 / 18

